Mytilaria laosensis is a fast-growing tropical broadleaf tree that is extensively used for wood production and has significant ecological benefits. To investigate the genetic diversity and population structure of M. laosensis, eight major natural populations in China were analyzed by using simple sequence repeat (SSR) markers. A total of 88 microsatellite-containing fragments were obtained by the method of magnetic bead enrichment, among which 26 pairs of SSR primers were screened out and used to generate a total of 190 alleles among 152 individuals. The average of observed number of alleles, Shannon's information index and polymorphism information content per locus were 18.3, 1.1577 and 0.7759, respectively, implying a high level of genetic diversity in M. laosensis populations. The variation within populations accounted for 81.74 % of total variation based on analysis of molecular variance. Cluster analysis divided the eight populations into four groups, among which five populations from the southern parts of Guangxi province were classified as one major group. Mantel test showed that there was highly significant correlation between Euclidean genetic distance and geographic distance, suggesting that geographic isolation contribute to the high genetic diversity of M. laosensis. Together, these could provide support for the feasibility of exploration and utilization of M. laosensis in subtropical areas of East Asia including Jiangxi, Hunan and Fujian province of China.
Introduction
Mytilaria laosensis Lecomte (Hamamelidaceae) is an important indigenous evergreen broad-leaf tree and has fast growth rate and ecological benefits. It is naturally distributed in southern China including Yunnan, Guangxi and Guangdong province, and northern Vietnam and Laos. M. laosensis has the advantages of fast growth and wood formation, wide adaptability, strong resistance, easy plantation and high survival rate and germination rate, and hence is beneficial for both economic and ecological development in many aspects including water conservation, soil amendment, fire prevention and environment protection (Guo et al. 2006; Huang et al. 2014) . Its straight trunk and high quality of wood can be used for construction, furniture manufacture and paper-making. Considering the rapid growth rate and high quality of timber, M. laosensis has been widely used in the establishment of ecological benefitoriented forests as well as fast-growing and high-yield plantations and is expected to become a major afforestation species in subtropical China and beyond (Huang et al. 2009 ). Furthermore, it is beneficial for the growth of the other species and improvement of soil quality when mixed afforestation with Eucalyptus robusta, Fokienia hodginsii, and Choerospondias axillaris. It is estimated that there are at least 2500 hectares of manmade forest of M. laosensis in Guangdong and Guangxi province of China (Ming et al. 2012; Ming et al. 2016 ). However, data on the germplasm evaluation and genetic test of M. laosensis used for plantation are still lacking. Due to the insufficient basic research, elite selection and germplasm enhancement of M. laosensis are lagging behind, which further limits the efficiency of resource cultivation and application. Furthermore, due to unreasonable exploitation of this species, the natural stands of M. laosensis suffered serious destruction and large areas of natural stands are very scarce nowadays.
As a first step towards germplasm resources maintenance, elite selection and breeding, it is both necessary and urgent to investigate the genetic diversity of natural populations of M. laosensis. Molecular markers, which reveal the variation at the DNA level, are not affected by environmental factors or plant growth stage and therefore are very reliable and useful for analysis of genetic diversity. To date, simple sequence repeat (SSR) marker, which has been proven to be highly polymorphic, codominant, easily reproducible and highly reliable, is generally recognized as an ideal marker for breeding application (Olango et al. 2015) . Until now, most of the research on M. laosensis has focused on introduction and cultivation (Chen et al. 2012 ). Information about genetic diversity and differentiation of M. laosensis is quite limited (Peng et al. 2012) . In this paper, we investigated the genetic diversity and genetic structure among natural populations of M. laosensis using SSR markers. The results obtained in this study have implications for collection and maintenance of genetically diverse populations and implementation of further breeding programs.
Materials and Methods

Plant material
The collected eight populations represent the main natural distribution areas of M. laosensis in China. Location and sample size of populations were given in Figure 1 and Table 1 . The distance between each sampling plant was at least 50 m and 3-5 young leaves from each plant were harvested, desiccated with silica gel and frozen at -20°C for further DNA extraction.
Genomic DNA extraction and quantification
The genomic DNA was extracted using the Plant Genomic DNA extraction kit (Tiangen, Beijing, China) according to the manufacturer's instructions and then tested on 1.5 % agarose gel electrophoresis. The DNA concentration was quantified by spectrophotometer.
Development and screening of SSR markers
The SSR markers were developed according to Zane et al. (2002) with some modifications. The genomic DNA was digested with MseI and ligated to MseI adaptor (Forward: 5'-GAC-GATGAGTCCTGGC-3'; Reverse: 5'-TACTCAGGACCGCC-3'). The ligated DNA was pre-amplified with M 00 primer (5'-GAT-GAGTCCTGAGCGG-3') and purified with DNA agarose gel electrophoresis. The purified PCR products were hybridized with biotinylated probes (AG) 15 and then captured by streptavidincoated paramagnetic beads and collected with a magnetic particle-collecting unit (Promega). The enriched DNA was amplified and purified again and ligated into pMD18-T vector (Takara) and cloned in DH5α competent cells. A total of 229 colonies were selected for PCR amplification with primers RV-M (5'-GAGCGGATAACAATTTCACACAGG-3') and (AG) 9.
. Positive clones that produced single bands with the length of 200-1000 bp were subject to sequencing by Sangon Biotech (Shanghai Company, Ltd). These identified sequences were submitted to NCBI Genbank and the accession numbers are given in Table 2 . SSR loci were screened with Chromas, and primers were designed with Primer5.0 (Clarke and Gorley, 2001) .
A total of eight DNA samples were used as template and Polymerase Chain Reaction (PCR) amplification reactions were conducted with designed primers for preliminary screening. The amplified products were checked with 2.0 % agarose gel electrophoresis for specific bands and then double-checked with de-natured polyacrylamide gelelectrophoresis (Bassam et al. 1991) .
SSR analysis
Based on the preliminary screening results, primer combinations which gave clearly distinguishable and consistent bands were used for SSR analysis (Li and Gan, 2011) . The PCR program was as follows: pre-denaturation at 94°C for 4 min; 20 cycles each set at 94°C for 30 s, Tm+10°C for 30 s (the annealing temperature was lowered by 0.5°C after each cycle during the 20 
Data analysis
Polymorphism information content (PIC) and Euclidean genetic distance were calculated using PowerMarker v3.25 (Liu and Muse, 2005) . The genetic distances were subjected to cluster analysis by Unweighted pair group method with arithmetic average (UPGMA) method using MEGA v4 (Tamura et al. 2007 ). Bayesian clustering method implemented in STRUCTURE v2.3.4 (Pritchard et al. 2000) was used to investigated population genetic structure. The K value was set between 2 and 7. The most likely numbers of clusters (K) were estimated using STRUCTURE HARVESTER (Evanno et al. 2005) . The clustering result was displayed by the program distruct 1.1 (Rosenberg 2004) . GenAlEx v6 (Peakall and Smouse, 2006) was utilized for calculations of genetic diversity parameters including the observed number of alleles (N a ), observed heterozygosity (H o ), expected heterozygosity (H e ) and Shannon's information index (I); the observed number of alleles per population (N a ) and the effective number of alleles (N e ); genetic differentiation parameters among populations including genetic differentiation coefficient (F st ), gene flow (N m ), inbreeding coefficient (F is ) and analysis of molecular variance (AMOVA) (Nei, 1978; Excoffier et al. 2005) . TFPGA was used for Mantel correlation analysis (Sokal, 1979; Miller, 1999) .
Results and discussion
Development and evaluation of SSR markers
Fast isolation by AFLP of sequences containing repeats (FIAS-CO) method was employed to develop SSR primers for M. laosensis. A total of 95 positive colonies that produced specific bands with the length of 200-1000 bp were identified by PCR screening. Then these colonies were subject to sequencing, among which 88 microsatellite-containing fragments were characterized. According to primer design standards and subsequent electrophoresis test, 37 out of 51 pairs of designed SSR primers gave clear and polymorphic bands. Among these primers, 26 pairs were found to produce consistent and clearly distinguishable bands and then were used for subsequent genetic analysis of M. laosensis. The characteristics of the 26 SSR primers are given in Table 2 . These developed SSR markers were very effective in characterizing the genetic diversity and genetic relationships within the M. laosensis populations. Hence these SSR markers would have great significance as they would be further utilized for genetic study, evaluation of germplasm resources and molecular-assisted breeding of M. laosensis in the future.
Analysis of genetic diversity
In total, 190 alleles were generated among 152 individuals in eight populations of M. laosensis. (Fan et al. 2018) , Loropetalum chinense (0.2255) (Gong et al. 2016) and Castanopsis eyrei (F st =0.097) (Shi et al. 2014) . The inbreeding coefficient (F is ) value at each locus were all above zero except locus MLP7 and MLP12, suggesting high extent of inbreeding and large amount of homozygotes in M. laosensis. Within eight populations of M. laosensis, the number of alleles (N a ) in each population ranged from 2.1 (GDFK) to 8.6 (GXSS) with an average of 5.3 (Table 4 ). The number of expected alleles (N e ) ranged from 1.7 (GDFK) to 4.7 (GXJX) with an average of 3.3. The highest I value was 1.6492 (GXJX), while the lowest I was 0.5220 (GDFK). The population with the highest H o was GXJX (0.5197) and the population with the lowest H o was YNML (0.2698). The population with the highest H e was GXJX (0.7376) and the population with the lowest H e was GDFK (0.3072). GXSS and GDFK population had the highest and the lowest F is value, respectively. Overall, GXJX population had the highest level of genetic diversity, while the GDFK population had the lowest level of genetic diversity. SSR markers could display genetic information about types of homozygote and heterozygote (Wu et al. 1993; Powell et al. 1996) . The values of H o (0.4114), H e (0.5663) and F is (0.2658) further indicated high extent of inbreeding and excessive homozygote in M. laosensis. Therefore, it would be of great importance to select elite individuals from distant populations for hybrid breeding in future.
Analysis of genetic differentiation
Genetic variation and differentiation level are important index for measurement of genetic diversity of populations, which are affected by factors such as microenvironment, reproductive system and life cycle (Adams et al. 1990 ). In general, populations from significantly different microenvironment are greatly influenced by selection pressure exerted by the external environment, which in turn enhance the extent of differentiation among populations. Second, perennial species usually display lower levels of genetic differentiation than that of annual species. Third, the outcrossing dominant species can produce continuous gene flow among populations and thus display lower level of genetic differentiation than that of selfing dominant species. M. laosensis has bisexual flowers that can be fertilized by either self-pollination or cross-pollination. Analysis of molecular variance (AMOVA) revealed that variation within populations account for 81.74 % of total variation and variation among populations account for 18.26 % of total variation, which was consistent with the result that 82.43 % of genetic variation existed within populations as shown by ISSR markers (Peng et al. 2012 ). The two different markers revealed that variation within populations were the main source of genetic variation in M. laosensis.
Pairwise F st and gene flow (N m ) value between populations are given in Table 5 . The N m value varied from 0.316 to 3.626, indicating limited gene flow. The lowest value of pairwise F st was 0.064, while the highest value of pairwise F st was 0.442, suggesting relatively high genetic differentiation in M. laosensis populations. Furthermore, the highest N m value and the lowest pairwise F st value was observed between GXDB and GXJX population, suggesting relatively close relationship between the two populations, whereas the lowest N m value and the highest pairwise F st value was observed between GDFK and YNML population, suggesting relatively far relationship between them.
Bayesian cluster analysis using STRUCTURE revealed that the genetic structure of M. laosensis populations can best be explained by three clusters (Figure 2) . Cluster 1 was composed of population YNML, GXDB, GXLZ and GXJX, all of which were in south-western parts of the distribution range. Cluster 2 was composed of population GDFK and GXRX, both of which were in south-central parts of the distribution range. Cluster 3 was composed of population GXFC and GXSS, both of which were in south-eastern part of the distribution range. The three clusters of M. laosensis populations based on Bayesian analysis were generally consistent with the geographical distribution patterns of populations.
Cluster analysis
Geographic isolation may affect genetic differentiation of some species in certain extent (Bacilieri et al. 2013; ZehdiAzouzi et al. 2015) . Among the eight natural populations of M. laosensis, the genetic distance between GXFC and GXSS population was the smallest (0.3334), while the genetic distance between GXRX and YNML was the largest (0.7126). The genetic distance can directly reflect the geographic distribution of populations. The GXFC population, geographically located in Fangcheng of Guangxi province, was close to the GXSS population located in Shangsi of Guangxi province, whereas the GXRX population located in Rongxian of Guangxi province was quite far from the YNML population, which was located in Mali of Yunnan province. Mantel test provided evidence that there was highly significant correlation between genetic distance and geographic distance (r = 0.8389, p=0.001), indicating that the genetic diversity of M. laosensis populations were affected by geographic distance. Furthermore, based on the Euclidean genetic distance of eight populations of M. laosensis, UPGMA cluster analysis showed that the eight populations were classified into one major group and three individual groups at the level of 0.25 (Figure 3) . One cluster consisted of five populati ons GXFC, GXSS, GXLZ, GXDB and GXJX, all of which were located in southern parts of Guangxi province. The other three populations GDFK (Guangdong), GXRX (southern east of Guangxi) and YNML (Yunnan) were clustered separately. In addition, the GXDB and GXJX populations were closely clustered, while GDFK and YNML population were classified into different groups, which were also consistent with the N m and F st value of populations (Table 5) . Successful genetic improvement programs should start with a breeding population of broad genetic base. It would be sound strategy to import new germplasm from faraway natural distribution areas such as Vietnam and Laos for germplasm resource conservation of M. laosensis. Furthermore, selection of elite individuals from populations of far relationship for hybridization and molecular-assisted breeding are important for future genetic improvement programs. Moreover, M. laosensis trees were recently successfully introduced to Fujian province of China, which is north of the native distribution areas (Figure 1 ), and were found to grow fast and well, and generate significant ecological and economic benefits (Huang et al. 2009 ). The introduction and cultivation of M. laosensis in Jiangxi and Hunan province of China were under progress. Here the genetic information could provide support for good adaptability of M. laosensis, therefore indicated the feasibility of exploration and development of M. laosensis in tropical areas of East Asia.
Conclusions
In this study, twenty-six pairs of SSR primers were developed to investigate the genetic diversity and population structure of 152 individuals from eight natural populations of M. laosensis. The genetic parameters suggested high diversity of M. laosensis. UPGMA cluster analysis and Mantel test suggested that geographic isolation contribute to genetic differentiation of M. laosensis populations. This study suggests a reasonable strategy for germplasm resource conservation and genetic breeding of M. laosensis, and provides support for the feasibility of development and promotion of M. laosensis fast-growing and highyield plantations in subtropical areas of East Asia besides the native South Asia. Population code followed those given in Table 1 .
